We have shown that 48-h fasting suppresses luteinizing hormone (LH) secretion in female rats which is enhanced by an estrogenic milieu and mediated by noradrenergic neurons. A similar fasting protocol yielded a suppression of LH secretion in male rats in a testosterone-dependent manner. In this experiment, we intended to identify specific nuclei in the hypothalamus and caudal brainstem that are activated during fasting for 6, 24, 30 or 48 h in castrated male rats with or without chronic testosterone treatment. Fasting started at 1300 h (lights-off at 1900 h). In testosterone-treated castrates, Fos-like-immunoreactive (FL-ir) cells were significantly increased in the paraventricular nucleus, A2 region of the nucleus of the solitary tract, supraoptic nucleus and amygdala 6 h after the onset of fasting but not 24, 30 or 48 h after the onset. On the other hand, FL-ir cells were not significantly different in those areas among fasted castrates compared with unfasted controls. In the A2 region of testosterone-treated castrates, tyrosine hydroxylase-and dopamine-β-hydroxylaseimmunoreactive (TH-ir, DBH-ir) cells did not exhibit Fos-like immunoreactivity (FLI). Our results suggest that the absence of food may activate neurons in discrete hypothalamic and brainstem nuclei in male rats at the beginning of fasting and this activation requires an androgenic milieu. The absence of FLI in TH-or DBH-ir cells in the A2 region would indicate that transmitter systems other than catecholaminergic neurons may be involved during the very early stage of 48-h fasting-induced suppression of LH secretion. Key words: c-Fos, Fasting, Paraventricular nucleus, Nucleus of the solitary tract, Testosterone (J. Reprod. Dev. 47: [53][54][55][56][57][58][59][60][61][62] 2001) asting is known to inhibit gonadal function by suppressing gonadotropin secretion in humans [1] and animals [2] [3] [4] [5] . We have previously reported that 48-h fasting suppresses pulsatile luteinizing hormone (LH) secretion in female rats in an estrogen-dependent manner [6, 7] . Using the same fasting conditions in male rats, 48-h fasting inhibits LH release in a testosterone-dependent manner [8] . These studies suggest that the cascade of events culminating in suppression of LH secretion during fasting depends upon the steroidal status in both genders.
asting is known to inhibit gonadal function by suppressing gonadotropin secretion in humans [1] and animals [2] [3] [4] [5] . We have previously reported that 48-h fasting suppresses pulsatile luteinizing hormone (LH) secretion in female rats in an estrogen-dependent manner [6, 7] . Using the same fasting conditions in male rats, 48-h fasting inhibits LH release in a testosterone-dependent manner [8] . These studies suggest that the cascade of events culminating in suppression of LH secretion during fasting depends upon the steroidal status in both genders.
c-Fos, the protein product of the c-fos protooncogene, is widely used as a sensitive and reliable marker of neuronal activation in specific circuits of the nervous system in response to a variety of stimuli [9] . In previous studies, however, using intact adult [10, 11] and young [12] male rats, c-Fos expression was not found in the paraventricular nucleus (PVN) and the nucleus of the solitary tract (NTS) after 15-, 22-, 24-, 27-or 48-h fasting. Moreover, there are only a few reports concerning androgen-dependent potentiation of neuronal c-Fos expression [13] . For example, testosterone augments odor-induced neuronal c-Fos throughout the vomeronasal projection [14] , but it does not block the estradiol-induced increase in c-fos mRNA in the uterus [15] .
We have previously determined that the PVN and A2 region of the NTS appear to be the feedback sites of estrogen activating the neuronal input which mediates fasting-induced LH suppression [16] . Therefore in the present experiment, we investigated the temporal and spatial dynamics of c-Fos expression in the hypothalamus and caudal brainstem during fasting. In addition, we determined if such neural activation requires the presence of testosterone to initiate cellular events underlying the fasting-induced LH suppression in male rats. It has been suggested that noradrenergic neurons projecting in to the PVN are involved in fasting and glucoprivic suppression of LH secretion [17] [18] [19] , hence we also examined whether the c-Fos e x p r e s s i n g n e u r o n s i n t h e A 2 r e g i o n a r e catecholaminergic.
Materials and Methods

Animals and treatments
Adult male Wistar-Imamichi rats (200-240 g) were used. Rats were individually caged in a controlled environment (14 h light/10 h dark, lights on at 0500 h, off at 1900 h, 24 ± 2 C) and were allowed free access to food (CE-2, Clea Japan Inc., Tokyo) and water unless otherwise indicated. Aseptically, rats (n=36) were bilaterally castrated under ether anesthesia and half of them were subcutaneously implanted with Silastic tubing (i.d., 2.6 mm; o.d., 4.9 mm; 12 mm in length, Dow Corning, Midland, MI, USA) containing crystalline testosterone (Sigma Chemical Co., St. Louis, MO, USA). We have previously shown that rats subjected to this testosterone treatment had plasma testosterone concentrations of 4.39 ± 0.09 ng/ml (mean ± SEM, n=4) [8] .
Twelve days af ter surgery, castrate and testosterone-treated castrate animals (n=3 per group) were deprived of food for different durations, namely: 6, 24, 30 and 48 h, commencing at 1300 h. Unfasted rats had free access to food. Water was available in all groups throughout the experiment. Great care was taken to avoid external stimuli which could modify c-Fos expression.
Immunocytochemistry
Immediately following each fasting period, the rats were deeply anesthetized with sodium pentobarbital (40-50 mg/kg) and perfused intracardially with 200 ml of 0.05 M phosphatebuffered saline (PBS; pH 7.5) followed by 200 ml of ice-cold 4% paraformaldehyde-0.05 M phosphate buffer (PB). Using the same protocol, unfasted rats were perfused either at 1300 h or 1900 h. Brains were removed, post-fixed for 2-3 h in the same fixative and cryoprotected in 30% sucrose 0.05 M PB at 4 C. Sequential 50 µm frozen sections through the hypothalamus and medulla oblongata were prepared using a cryostat and then stored at -20 C in cryoprotectant until stained.
A c-Fos labeling procedure that has been previously described [20] was followed with some modifications. In brief, free floating sections (every 4 th and 3 rd section of the hypothalamus and lower brainstem, respectively) were rinsed (4 × 15 min) in cold 0.05 M PBS. After pretreatment with 0.3% H 2 O 2 0.05 M PBS for 30 min to reduce endogenous peroxidase activity, sections were then rinsed with cold 0.05 M PBS for 20 min and preincubated for 1 h with 5% normal rabbit serum (NRS) 0.05 M PBS to block the non-specific antibody binding. Sections were incubated for 4 days with sheep polyclonal an t i-c-Fo s (G en osy s B iote c hno logi es L t d . , Cambridgeshire, UK, 1:2,000) in a solution of 5% NRS, 0.1% Triton X and 0.1% sodium azide in 0.05 M PBS at 4 C. Following rinses (4 × 15 min) in cold 0.05 M PBS, sections were incubated with biotinylated rabbit anti-sheep IgG-0.05 M PBS for 1 h. Subsequently, the sections were rinsed (4 × 15 min) again and reacted with the avidin-biotin complex (Vectastain Elite Kit, Vector Laboratories, Burlingame, CA, USA) for 1 h. All incubations were carried out at room temperature unless otherwise stated. After four 15-min rinses in cold 0 . 1 M T r i s -b u f f e r e d s a l i n e ( T B S ) , t h e immunoreactivity was vizualized in a solution of 0.05% 3'3-diaminobenzidine, 2.5% NiCl2 and 0.01% H2O2 in 0.1 M TBS. Sections were then rinsed thoroughly in 0.1 M TBS, mounted on gelatincoated slides, air dried, dehydrated in an alcohol series cleared with xylene and coverslipped.
We found that c-Fos expression was significantly induced only after 6 h of fasting. Therefore, sections (3 sections/animal) from the lower b r a in s t em of a n o t h e r g r o up o f 6 -h f a s te d testosterone-treated castrates (n=3) were utilized f o r do u b l e -l a b e l i n g s t u di es t o d e t e r m i n e colocalization of Fos-like-(FL-) and tyrosine hydroxylase-(TH-) or dopamine-β-hydroxylase-( D B H -) i m m u n o r e a c t i v e ( i r ) c e l l s u s i n g immunofluorescence. The brains were collected and sectioned as described above except that sections were cut at 30 µm in thickness. The double-labeling protocol previously described [21] was followed with modifications. In brief, after rinsing (6 × 5 min) with cold 0.05 M PBS, sections were preincubated for 1 h in a solution of 5% NRS and 0.1% Triton X in 0.05 M PBS and were incubated with primary antibodies, sheep anti-cFos IgG (Genosys, 1:2,000) and either mouse monoclonal anti-TH (Chemicon International Inc., Temecula, CA, USA, 1:200) or mouse monoclonal anti-DBH IgG (Chemicon, 1:100) in a solution containing 5% NRS, 0.1% Triton X and 0.05 M PBS for 4 nights at 4 C. Following rinses (6 × 5 min), sections were incubated with a mixture of donkey a n t 
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Data analysis
The present study focused on the PVN, NTS, supraoptic nucleus (SON), amygdala (AMYG) and arcuate nucleus (ARC) because our preliminary o b s e r v a t i o n s s h o w e d t h a t F o s -l i k e immunoreactivity (FLI) was located only in these nuclei after 6 h of fasting in testosterone-treated castrates. The FL-ir cells were counted unilaterally except for the NTS where a few cells were medially located posing difficulty in counting, hence we counted bilaterally in this region. The boundaries of nuclei examined in the hypothalamus and NTS were delineated according to the rat brain atlas of Paxinos and Watson [22] . To avoid bias while counting, slides were coded. Counting was done twice and the mean counts for each group were summarized graphically.
The effects of fasting and testosterone treatment on c-Fos expression were analyzed using two-way analysis of variance (ANOVA, StatView-J 5.0, SAS I n s t it u te In c ., C a ry , N C , U SA) . P o s t -h o c comparisons of the fasting period and testosterone treatment group means were made using Schefe's test.
Results
The Figure 2 shows the distribution of the FL-ir cells in the PVN and ARC of representative unfasted and fasted rats (after 6-h and 48-h fasting). FL-ir cells in testosterone-treated castrates fasted for 6 h were evident in the parvocellular region of the PVN, and particularly in the medial/dorsal zone (Fig. 2E) . No FL-ir cells were found in castrates that were unfasted ( Fig. 2A ) or fasted (6 h: Fig. 2B ; 48 h: Fig. 2C ). The same was observed in testosteronetreated castrates that were unfasted (Fig. 2D) and later during fasting (48 h: Fig. 2F ). FL-ir cells were scattered in the ARC in testosterone-treated castrates that were unfasted (Fig. 2G ) and fasted (6-h: Fig. 2H; 48 h: Fig. 2I ). The number of FL-ir cells in the ARC of fasted rats did not differ significantly at any time during fasting compared with unfasted controls.
The results of the double labeling experiments with FL-and TH-or DBH-ir cells in the lower brainstem sections are shown in Table 1 . A few THir cells and no DBH-ir cells showed FLI in their nuclei. Figures 3a and 3c show the FL-ir cells in the A2 region of the NTS and none of these colocalized with the TH- (Fig. 3b) and DBH-containing neurons (Fig. 3d) . 
Discussion
Th e presen t res ults demo nst rate that in testosterone-treated castrates, FL-ir cells in the PVN, NTS, SON and AMYG were significantly increased 6 h after the onset of fasting compared with unfasted controls. On the other hand, only a few FL-ir cells were expressed in these nuclei after 24 and 30 h of fasting (1300 h and 1900 h on the following day) or after 48 h of fasting (1300 h on the thir d da y). These data suggest that c-Fos expression was induced by a fasting signal after 6 h of fasting (at 1900 h, when the lights went out) and not by a circadian signal. These data also suggest that the fasting signal begins to stimulate neuronal activity in discrete regions, such as the PVN, NTS, SON and AMYG, at a defined time from the start of fasting, activating neural pathways involved in fasting-related events, such as suppression of LH release as shown in our recent study [8] . The absence of the increase in the FLI at later fasting times is consistent with earlier reports showing that 15-, 22-, 24-, 27-and 48-h food deprivation in intact male rats did not significantly induce FLI in the PVN and NTS [10] [11] [12] . It is also consistent with previous observations that c-Fos is transiently activated despite continued stimulation with a variety of stimuli such as neurotransmitters, osmotic and stress stimuli [23, 24] . It has been reported that food intake in ad libitum fed rats peaks at about 1400 and 1900 h, with the highest peak occurring at 1900 h just before the onset of the dark period [12] . Thus, the observed increase in c-Fos expression after 6 h of fasting coincides with the expected normal feeding period.
During the early stage of fasting, blood glucose, leptin and insulin levels significantly decreased while free fatty acids significantly increased around the onset of the dark periods [12] . Therefore, it is possible that changes in metabolic profiles occur at this time as a result of the missed feeding period and these changes may induce c-Fos expression as observed in this study. One neuron type expressing c-Fos in the PVN, SON and AMYG might be corticotropin-releasing h o r m o n e ( C R H ) n e u r o n s , s i n c e c -F o s immunoreactivity and mRNA expression in these nuclei have been reported following different types of stressors such as restraint stress and transport si m ul a ti on [ 2 4-2 6 ] . A c u te f a st in g c a n b e considered as another type of stress since CRH mRNA expression in the PVN has been reported to increase 6 h after the removal of food then decline thereafter [12] . This pattern of CRH mRNA expression in the PVN mimics the time course of changes in FLI in the PVN in the testosteronetreated castrates in the current study suggesting that CRH neurons might be the neurons that are activated by fasting. Intracerebroventricular (icv) administration of CRH antagonist removes the inhibitory effect of 48-h fasting on LH secretion [17] . Recently, we have shown that PVN lesions partially restored the fasting-induced inhibition of LH release in testosterone-treated castrates suggesting that the PVN, at least in part, mediates fasting-induced LH suppression [8] . Thus, it seems likely that activation of CRH neurons in the PVN induces the fasting-induced suppression of LH release observed in testosterone-treated castrates.
Recently, it has been reported that LH suppression occurs rapidly between 6 h and 12 or 18 h of fasting in estrogen-treated ovariectomized rats [27] , but full LH suppression requires 48 h of fasting [6, 7] . In the present study, it is interesting to note that FLI was significantly evident after 6 h of fasting, suggesting that a cascade of events is being initiated at this time which culminates in full LH suppression by 48 h of fasting.
In the SON, stress increases CRH receptor mRNA expression [28] . Furthermore, arginine vasopressin (AVP) in the SON may also be involved in the response to stress [29, 30] . It is therefore possible that the increase in c-Fos expression in this nucleus is closely associated with the activation of CRH/AVP neurons during fasting. Similarly, CRH neurons may be activated in the AMYG, as CRH m-RNA is induced by stress in this region [31, 32] . In addition, stress [24] and icv injection of CRH [33] induce c-fos mRNA and FLI in the AMYG, suggesting that FLI in the AMYG reflects the activation of CRH neurons.
The effect of fasting on the FLI is dependent on the steroidal milieu, because FLI increases at the onset of the fasting period were evident in testosterone-treated castrates but not in castrates. There are several possible mechanisms by which testosterone might modulate fasting-induced FLI. Testosterone could be converted to estrogen and then act through the estrogen receptors (ER). The immunocytochemical distribution of c-Fos expression found in the brain of testosteronetreated, fasted castrates is consistent with that of aromatase activity or immunoreactivity [34] [35] [36] , or ER mRNA [37] previously reported. Increased expression of ER mRNA has been shown in the PVN, SON, AMYG and NTS [37] where FLI was also found after 6-h fasting in testosterone-treated castrates in the present study. The potential action of estradiol on c-Fos expression is suggested by the presence of an estrogen response element in the cfos promoter region [38] . Second, testosterone may act through the androgen receptors (AR). The c-fos gene is known to have a glucocorticoid response element [38] , which is recognized by AR [40] . Thus, t e s t o s t e r o n e w o u l d a c t t h r o u g h A R a n d consequently AR could bind to glucocorticoid response elements to induce c-Fos expression. The distribution of AR in the rat brain [37] shows a good correlation with the fasting-induced c-Fos expression found in the present study. However, it remains to be investigated whether testosterone acts directly on FL-ir cells in the nuclei examined and whether ER or AR cells express c-Fos in the presence of testosterone during fasting.
The dense catecholaminergic projections from the lower brainstem to the PVN [41] and the existence of noradrenergic synapses on the CRH neurons in the PVN [42] suggest that the FL-ir cells in the A2 region of the NTS could be noradrenergic. O u r p r e v i o u s r e p o r t s h a v e r e v e a l e d t h a t noradrenergic neurons mediate the fasting-and glucoprivic-induced LH suppression in female rats [17, 18] . In addition, noradrenaline injection into the PVN inhibits pulsatile LH secretion [19] . Unexpectedly, however, few TH-ir cells and no DBH-ir cells showed FLI in the present study. It is more likely that at the early stage of fasting, transmitter systems other than noradrenergic system are involved. One possible neuron which could be expressing c-Fos at this early stage of fasting is neuropeptide Yergic (NPY) neuron since food deprivation increases NPY release and synthesis in the PVN [43] . Furthermore, icv [10] and PVN [44] injected NPY induces FLI in the PVN and AMYG. It has been shown that nerve terminals emanating from NPY producing perikarya in the brainstem which may project to the PVN [45] . NPY stimulates CRH release [46] thus it could be possible that during fasting NPY release stimulated CRH release which in turn, increased FLI in the PVN, AMYG and NTS. Further studies need to be done to address this point.
In conclusion, the present study provides evidence that at the beginning of fasting several discrete regions in the male rat brain are activated and this requires an androgenic milieu. The absence of FLI in TH-or DBH-ir cells in the A2 region of the NTS indicates that neurons other than catecholaminergic pathways are first activated during the early stage of 48-h fasting.
